1. Introduction {#sec1-nutrients-08-00547}
===============

Breast cancer is the most commonly diagnosed cancer in females worldwide \[[@B1-nutrients-08-00547]\]. Diet-related factors are thought to account for around 30% of all cancer in developed countries, with breast cancer being no exception. Obesity, a lack of physical activity, and, to a lesser extent, alcohol increase the risk of breast cancer \[[@B2-nutrients-08-00547]\], whereas consumption of vegetables, fruits, legumes, grains, and green tea appear to be protective \[[@B3-nutrients-08-00547]\]. In particular, several plant components especially phytochemicals may protect against DNA damage and block specific carcinogen pathways. There are a multitude of in vitro studies outlining the effect specific dietary components have on breast cancer; however, interpretation and clinical application of such studies is problematic, as cell-based studies fail to account for human absorption and metabolism. Presently, there are very few evidence-based nutrition guidelines for breast cancer survivors to follow and many are confused about nutrition support post-diagnosis. Secondary prevention or adjunct therapy through dietary intervention is a cost-effective alternative for preventing the large burden of healthcare associated with breast cancer treatment. In the past decade, epidemiologic and preclinical evidence suggest that polyphenolic phytochemicals present in many plant foods possess chemo-preventive properties against breast cancer \[[@B2-nutrients-08-00547]\]. Epidemiological data suggests dietary patterns naturally rich in polyphenols are protective against breast cancer. Whilst data on the nutritional aspect of cancer prevention and the reduction of risk are important, the degree to which the outcomes that can be applied to reducing cancer recurrence is questionable. Increasing evidence suggests that diets providing a variety of polyphenols are useful with regard to breast cancer prevention and cessation.

The health benefits of polyphenols have been linked mostly to their antioxidant effects. Although this is an important contributor, polyphenol phytochemicals also interact with other pathways, especially receptor signalling. Polyphenols have been reported to reduce inflammation and cancer recurrence by (a) acting as an antioxidant or increasing antioxidant gene or protein expression; (b) decreasing cancer cell proliferation; (c) blocking pro-inflammatory cytokines or endotoxin-mediated kinases and transcription factors involved in cancer progression; (d) increasing histone deacetylase activity; or (e) activating transcription factors that antagonize chronic inflammation \[[@B4-nutrients-08-00547],[@B5-nutrients-08-00547]\]. Polyphenol phytochemicals can interfere with both estrogen receptor (ER) and tyrosine kinase receptor (TKR) signalling, thereby inducing apoptotic and/or autophagy cell death. Estrogen receptors are central to the development of primary and secondary breast cancers. Estrogen binds membrane-initiated steroid signalling (MISS) or TKR to initiate a cascade of effects via estrogen response elements (ERE), AP-1, SP1, and other transcription factors to activate pro-apoptotic genes \[[@B6-nutrients-08-00547]\]. There are some indications that polyphenols can bind ER with varying affinities. Thus, it is clear that targeting these ER pathways using dietary polyphenols may affect the development of both primary and secondary breast cancer. The importance of other dietary factors, including meat, fibre, and vitamins, is not yet clear \[[@B7-nutrients-08-00547]\]. There has been interest in the potential of naturally occurring cancer chemo-preventive agents, such as polyphenols, to curb the increasing burden of breast cancer treatment \[[@B8-nutrients-08-00547],[@B9-nutrients-08-00547]\]. Dietary polyphenols may support current medical treatment options to improve prognosis.

This article reviews the current literature on breast cancer clinical trials of polyphenolic phytochemicals with an aim to identify potential nutritional strategies for breast cancer patients, post-diagnosis.

2. Methods {#sec2-nutrients-08-00547}
==========

The current review discusses the evidence on dietary polyphenols and food patterns naturally high in polyphenols and breast cancer recurrence or relevant biomarkers. In selecting the literature to review, studies that addressed the prognosis and recurrence of breast cancer in survivors were identified. Inclusion criteria included any breast cancer stage and type, human trials only, and intervention commenced after breast cancer diagnosis. Particular attention has been given to human randomised control trials and observational studies on breast cancer survivors. Studies included in [Table 1](#nutrients-08-00547-t001){ref-type="table"} were human data and must have investigated polyphenol-rich dietary intake or supplements. For inclusion, our definition of a "polyphenol rich diet" were those investigating vegetables (onion, broccoli) and fruit (apples, citrus). Articles from any date of publication or language were considered. PubMed, Google Scholar, and PEN---Practice-Based Nutrition Database---were searched using various key terms, including "breast cancer", "nutrition", "polyphenol", and "human". Abstracts were reviewed for relevant material.

3. Discussion {#sec3-nutrients-08-00547}
=============

3.1. Dietary Amelioration of Inflammation Associated with Breast Cancer {#sec3dot1-nutrients-08-00547}
-----------------------------------------------------------------------

Many studies suggest that low-grade inflammation is mitigated by healthy dietary habits, such as polyphenols and the Mediterranean food pattern, resulting in lower circulating concentrations of inflammatory markers \[[@B17-nutrients-08-00547]\]. Western-type or meat-based patterns are positively associated with low-grade inflammation \[[@B18-nutrients-08-00547]\]. Among the components of a healthy diet, whole grains, vegetables and fruits, and fish are all associated with lower inflammation, and a limited number of observational studies suggested a pro-inflammatory action of diets rich in saturated fatty acids or trans-monounsaturated fats \[[@B19-nutrients-08-00547]\]. The association between inflammation and cancer has been reported elsewhere \[[@B20-nutrients-08-00547]\], citing major mediators nuclear factor kappa B (NF-κB), tumour necrosis factor (TNF), and cyclooxygenase-2 (COX-2), given the combined role in inflammation, cell proliferation, angiogenesis, and metastasis. Inhibition of COX-2 thus blocking the inhibition cascade may be an important mechanism by which polyphenols exert benefit to the breast cancer patient. The consumption of polyphenol-rich foods is thought to have an effect in modulating low-grade inflammation \[[@B21-nutrients-08-00547]\].

The inflammatory environment that promotes breast cancer tumour growth links to obesity and metabolic syndrome. Women who gain weight in adulthood and overweight postmenopausal women have a greater risk for breast cancer than lean women \[[@B22-nutrients-08-00547]\]. However, there are inconsistencies regarding the effect modification of menopausal status. In contrast, evidence exists showing that overweight and obesity is associated with reduced risk in premenopausal women \[[@B23-nutrients-08-00547]\]. Metabolic syndrome (clinically defined as having three of the following factors: Abdominal obesity, hypertension, hyperglycemia, high triglycerides, or low HDL cholesterol \[[@B24-nutrients-08-00547]\] has been associated with a 2.6 times higher risk of breast cancer in postmenopausal women \[[@B25-nutrients-08-00547]\]. It can be deduced that a range of factors, including age, hormone levels, and obesity and overweight, affect breast cancer risk. Because overweight and obesity are powerful modifiable risk factors \[[@B26-nutrients-08-00547]\], interventions, including dietary intervention, should be investigated further. Whilst clear evidence links metabolic syndrome with increased risk of breast cancer, it is also clear that post-diagnosis weight gain occurs in 50%--95% of patients and is associated with poor prognosis. Excess weight gain is associated with elevated inflammatory markers, against which polyphenols may protect.

According to a study conducted on rats, dietary supplementation of a high-fat diet and polyphenols led to dramatic changes in gut microbial community structure \[[@B27-nutrients-08-00547]\]. Cranberry polyphenols protected mice on a high-fat, high-sucrose diet against oxidative stress, inflammation, weight gain, and markers of metabolic syndrome \[[@B28-nutrients-08-00547]\]. Chronic low-grade inflammation promoted by an individual's diet and their functioning gut microbiota may influence cancer progression.

Dietary polyphenols may protect against breast cancer progression, despite limited absorption and digestion, raising questions about their mechanism of action. As discussed, polyphenols appear to alter gut microbiota in rats and mice and has also been demonstrated in human studies. It was found that a moderate intake of red wine had positive effects on the composition of the gut microbiota and a reduction in the inflammatory markers \[[@B29-nutrients-08-00547]\]. Polyphenols may assist the breast cancer patient by minimizing weight gain, improving the inflammatory profile and altering gut microbiota activity, thus reducing tumour growth.

3.2. Antioxidant Action of Polyphenolics {#sec3dot2-nutrients-08-00547}
----------------------------------------

Polyphenols are secondary metabolites of plants and are generally involved in defense against ultraviolet radiation or aggression due to their physiological effects and structure \[[@B30-nutrients-08-00547]\]. Many of the biological actions of polyphenols have been attributed to their antioxidant properties; however, recent research has suggested that polyphenols may affect several cellular pathways, thereby exerting a pleiotropic effect \[[@B31-nutrients-08-00547]\]. Cellular pathways initiated by polyphenols may delay and reduce the carcinogenic processes in breast tissue \[[@B32-nutrients-08-00547],[@B33-nutrients-08-00547]\]. Oxidative stress is known to alter the cellular redox status, resulting in altered gene expression by the activation of several redox-sensitive transcription factors. This signaling cascade affects both cell growth and cell death. An increased rate of reactive oxygen species (ROS) production occurs in highly proliferative cancer cells, owing to oncogenic mutations that promote aberrant metabolism. The ability of dietary polyphenols to modulate cellular signal transduction pathways, through the activation or repression of multiple redox-sensitive transcription factors, has been claimed for their potential therapeutic use as chemo-preventive agents \[[@B34-nutrients-08-00547]\].

Red wine polyphenols reduce breast cancer cell proliferation in a dose-dependent manner by specifically targeting steroid receptors and modifying the production of ROS \[[@B4-nutrients-08-00547]\]. However, it should be noted that it would not be prudent to advise the breast cancer patient to consume alcohol, given the potentially damaging effects. Phenolic phytochemicals have a strong antioxidant potential due to the hydroxyl groups associated with their aromatic rings. Phenolic phytochemicals have been shown to increase the levels of anti-inflammatory genes such as superoxide dismutase (SOD), glutathione peroxidase (GPx), and heme oxygenase (HO)-1 via activation of the transcription factor nuclear factor-erythroid 2 (NF-E2)-related factor 2 (Nrf2). Thus, polyphenols have an inherent capacity to reduce ROS and other free radicals, thereby preventing their activation of oxidative stress and inflammation \[[@B35-nutrients-08-00547]\]. Polyphenols are effective free radical scavengers and their antioxidant properties should not be overlooked. In a recent meta-analysis of data from 7500 participants, those who reported a high polyphenol intake, especially of stilbenes and lignans, showed a reduced risk of overall mortality compared to those with lower intakes \[[@B36-nutrients-08-00547]\]. Polyphenols where found to be protective against chronic disease, implying a change in oxidative status. The antioxidant properties of polyphenols are thought to delay and to fight the carcinogenic processes in breast tissue \[[@B32-nutrients-08-00547],[@B33-nutrients-08-00547]\]. Further studies will likely provide additional insights into the mechanism of redox control of breast cancer. Whilst polyphenols appear to reduce oxidative stress, the degree to which breast cancer prognosis is improved is unclear.

3.3. Polyphenols Protect DNA from the Carcinogen-Induced Damage {#sec3dot3-nutrients-08-00547}
---------------------------------------------------------------

Chronic activation of inflammatory processes is widely regarded as an enabling characteristic towards the development of cancer. We know that chronic inflammation can drive tumour growth and the production of ROS \[[@B37-nutrients-08-00547]\]. In turn, ROS can cause DNA damage. Production of ROS, together with deficiencies in the capacity to repair DNA (genotype dependent), can interact to increase carcinogenic capabilities \[[@B37-nutrients-08-00547],[@B38-nutrients-08-00547]\]. Base-excision repair genes, such as *XRCC1* G399A \[[@B37-nutrients-08-00547]\] and *OGG1* C326G, are associated with reduced repair of DNA lesions associated with ROS \[[@B39-nutrients-08-00547]\].

The mutagen sensitivity assay (MSA) can be used as a marker of the ability of DNA to respond to and repair DNA damage and hence it has been used to test response to mutagens and bioactives \[[@B38-nutrients-08-00547]\]. The Comet and Micronucleus assays have also been extensively used to determine the extent of DNA strand breaks and repair \[[@B40-nutrients-08-00547],[@B41-nutrients-08-00547],[@B42-nutrients-08-00547]\], and there are a number of other methods, including RAD1 focus formation \[[@B43-nutrients-08-00547]\], PCR, and the TUNEL assay, as well as numerous others \[[@B44-nutrients-08-00547]\].

Germline mutations in DNA mismatch repair genes (*BRCA1*, *BRCA2*, *CHEK2*, *ERCC4*, *FAAP100*, and *TP53BP1*, amongst others) are associated with breast cancer susceptibility \[[@B45-nutrients-08-00547],[@B46-nutrients-08-00547]\]. In some cases, it may be possible to modify diet to help decrease the risk of breast cancer and breast cancer recurrence \[[@B45-nutrients-08-00547]\]. In a study of triple negative breast cancer (TNBC) patients, Lee et al. assessed 16 single nucleotide polymorphisms (SNPs) associated with DNA repair \[[@B45-nutrients-08-00547]\]. The authors found that the risk of TNBC was associated with six of the SNPs and that this risk was modified by zinc, folate, and β-carotene levels such that low levels increased risk \[[@B45-nutrients-08-00547]\]. These effects were additive. In other studies, it has been reported that high plasma levels of β-carotene, or the consumption of a carotenoid rich diet, were associated with lower levels of breast cancer or breast cancer recurrence \[[@B10-nutrients-08-00547],[@B11-nutrients-08-00547]\] or a reduction in oxidative stress in those previously treated for breast cancer \[[@B47-nutrients-08-00547]\]. Others found that diets rich in fruits and salads, a food pattern traditionally high in polyphenols, was associated with a reduced risk of breast cancer, particularly estrogen and progesterone receptor negative breast cancers \[[@B12-nutrients-08-00547]\].

Polyphenols can act as pro- and anti-oxidants, depending on the experimental or environmental conditions \[[@B41-nutrients-08-00547]\], and may modify the interaction between carcinogenic capabilities and breast cancer risk. In addition, polyphenols may enhance repair or change methylation status of promoter regions to favour DNA repair, or protect against DNA damage. Adams et al. found that polyphenols from blueberries inhibited cell proliferation and cell migration in human TNBC cell lines \[[@B48-nutrients-08-00547]\] and decreased tumour size and inhibited metastasis in a TNBC xenograft study in mice \[[@B49-nutrients-08-00547]\]. Similarly, Meeran et al. assessed the effect of Epigallocatechin-3-gallate (EGCG) and sulforaphane, an isothiocynate derived predominantly from plants of the order Brassicales and known to have strong chemo-preventative and anti-inflammatory properties on breast cancer cell lines \[[@B50-nutrients-08-00547],[@B51-nutrients-08-00547]\]. They found that sulforaphane and EGCG inhibited cell proliferation, telomerase activity, and *human telomerase reverse transcriptase* (*hTERT*) gene expression \[[@B50-nutrients-08-00547],[@B51-nutrients-08-00547]\]. *hTERT* is widely expressed in cancers, but not in normal cells, and downregulation of *hTERT* in breast cancer can lead to the inhibition of cell proliferation and the induction of apoptosis. Food or dietary compound induced changes in *hTERT* expression, which, in many cases, are due to epigenetic modifications \[[@B50-nutrients-08-00547],[@B51-nutrients-08-00547],[@B52-nutrients-08-00547]\].

3.4. Dietary Sources of Polyphenols {#sec3dot4-nutrients-08-00547}
-----------------------------------

Following the systematic search, a small subset of polyphenol types emerged as having human-derived evidence with regard to breast cancer recurrence. This review focuses on the human-derived evidence on breast cancer, and we focus the discussion on phenolic acids, flavonols, and isoflavones. Whilst cell line data on polyphenols such as curcumin and resveratrol are promising, very little has been conducted in human clinical trials.

### 3.4.1. Phenolic Acids {#sec3dot4dot1-nutrients-08-00547}

One of the major dietary sources of dietary phenolic is olive oil, which contains caffeic, oleuropein, and hydroxytyrosol, amongst others. Previous research attributes the health effects of olive oil to its high content in oleic acid. Nowadays, the health benefits of olive oil are also attributed to its phenolic content, namely olepurenoil \[[@B53-nutrients-08-00547]\]. Researchers have indicated that the antioxidant capacity of polyphenols in olive oil may reduce the risk of developing cardiovascular diseases and cancer \[[@B54-nutrients-08-00547]\].

Studies have indicated that the biological activity of polyphenols in olive oil is higher when they are part of the diet than when these molecules are administered as food supplements \[[@B54-nutrients-08-00547],[@B55-nutrients-08-00547]\]. The processing of olive oil also determines the variability and availability of polyphenol content in this product. The polyphenol content of olive oil is important, not only for the delivery of compounds with strong anti-oxidant capacity, but also because it exists in conjunction with fatty acids that are potentially oxidised \[[@B54-nutrients-08-00547]\]. The phenolic composition of olive oils varies in quantity and quality depending on the olive variety, the age of the tree, and the agricultural techniques used in cultivation.

Recent data suggest a polyphenolic compound found in olive oil, known as oleocanthal, can selectively kill cancerous breast cells while leaving healthy cells intact \[[@B56-nutrients-08-00547]\]. Oleocanthal ruptures the lysosome of cancerous cells by inhibiting acid sphingomyelinase activity, which destabilizes the interaction between proteins required for lysosomal membrane stability \[[@B56-nutrients-08-00547]\]. The ruptured cell renders the cancer to usual enzymatic degradation and programmed cell death. Further research is needed to confirm findings in human trials, but results are promising. Researchers suggest those on a Mediterranean diet may benefit from the higher consumption of olive oil \[[@B56-nutrients-08-00547]\].

Coffee contains numerous compounds, potentially beneficial as well as harmful. With regard to breast cancer, coffee drinking may even have a protective effect. Coffee contains various polyphenols, which inhibit harmful oxidation processes in the body, while the latter include acrylamide, whose high intake in daily diet may have carcinogenic action \[[@B57-nutrients-08-00547]\]. In mechanistic cell studies, coffee polyphenols change the expression of STAT5B and ATF-2 modifying cyclin D1 levels in cancer cells \[[@B58-nutrients-08-00547]\]. Whilst in vitro studies suggest coffee may offer protection against breast cancer, the overall effect requires clarification, given the paucity of clinical trials.

### 3.4.2. Flavonols {#sec3dot4dot2-nutrients-08-00547}

Flavonols are the major polyphenolic sub-group of flavonoids, which are present in tea, onions, broccoli, and various common fruits. Example polyphenol flavonols include quercetin, kaempferol, myricetin, and isorhamnetin, with an estimated intake of 12.9 mg/day in a typical Western diet \[[@B59-nutrients-08-00547]\].

Flavonols may act through anti-oxidant, pro-oxidant, anti-estrogenic, cell signalling pathway modulation, or mitochondrial toxicity to inhibit breast carcinogenesis. One study investigating the effect of flavonols of breast cancer risk reported a risk ratio of 0.94 (0.72, 1.22; *p*-value for test of trend = 0.54) for the sum of flavonol-rich foods. Among the major food sources of flavonols, a significant inverse association with the intake of beans or lentils was reported, but not with tea, onions, apples, string beans, broccoli, green pepper, or blueberries \[[@B60-nutrients-08-00547]\]. Despite no overall association between intake of flavonols and risk of breast cancer, there was an inverse association with the intake of beans or lentils. In contrast, a recent meta-analysis of flavonoid intake and breast cancer risk suggested that dietary flavonols and flavones, but not other flavonoid subclasses or total flavonoids, was associated with a decreased risk of breast cancer, especially among post-menopausal women \[[@B59-nutrients-08-00547]\]. Given the large range in polyphenols present in the flavonol sub-group, definitive recommendations are difficult; however, it is safe to assume a diet high in beans and legumes and a range of flavonols including onions, apples, citrus, tea, and broccoli are likely to be protective.

### 3.4.3. Isoflavones {#sec3dot4dot3-nutrients-08-00547}

Estrogen is believed to play a role in breast cancer development and progression, and any nutritional intervention that blocks the production or reduces the hormone action is likely to be effective in improving clinical outcomes in breast cancer survivors. Soy food consumption has been attributed to protection against breast cancer, primarily because of the soybean isoflavones (genistein, daidzein, and glycitein), which are natural estrogen receptor modulators. In vitro studies show that genistein inhibits the growth of breast cancer cells, including hormone-dependent and independent cell types at higher concentrations (10--50 µmol/L), while stimulating growth at lower concentrations (\<10 µmol/L) \[[@B61-nutrients-08-00547]\]. Whilst the structure of soy isoflavones mimics estrogen, the majority of human research fails to detect any clinically relevant estrogenic activity, as determined by estradiol, estrone, and sex hormone binding globulin \[[@B62-nutrients-08-00547]\]. In one of the key human intervention studies on soy protein, results were stratified by the amount of soy consumed and showed a dose-response relationship between decreasing risk of breast cancer with an increased soy food intake, translating to a 16% risk reduction per 10 mg of daily isoflavone consumed \[[@B63-nutrients-08-00547]\]. However, concerns remain regarding optimal dose of soy foods to ensure improved survival in breast cancer sufferers, and further clinical trials are needed. Soybeans contain a number of anticarcinogens, suggesting that consumption may protect against breast cancer, with non-fermented products such as tofu and soymilk showing more promise.

Unfortunately, clinical outcomes in animal and human epidemiological studies are varied, with 65% of studies reporting no effect or slightly protective against breast cancer risk. A recent review demonstrated the protective effect soy consumption has on breast cancer development, recurrence, and mortality \[[@B62-nutrients-08-00547]\]. At this stage, soy phytoestrogens require further research \[[@B64-nutrients-08-00547]\]. The protective association of soy food appears more pronounced in postmenopausal women. However, the reduced risk of recurrence results should be interpreted with caution given the modest effect and wide confidence intervals for most studies and the lack of dose response relationship in one positive study.

Both the breast cancer treatment drug Tamoxifen and dietary phytoestrogens bind estrogen receptors, and many have theorised that soy consumption will reduce drug efficacy. In a study on investigating the association of soy food consumption and survival in breast cancer sufferers, women in the highest soy food intake groups had the lowest mortality and recurrence rate compared with women in the lowest intake group, regardless of tamoxifen use. Among women whose soy intake was in the highest quartile, tamoxifen did not confer additional health benefits \[[@B65-nutrients-08-00547]\]. Based on this limited epidemiological data, it follows that moderate soy protein consumption (5--10 g/day) in combination with Tamoxifen use represents the optimal treatment combination for relevant breast cancer patients.

Within nutrition science, the critical concept of food synergy recognises that nutrients exist in a purposeful biological sense within foods, delivering them in combinations that reflect biological functionality \[[@B66-nutrients-08-00547]\]. Thus, while it is difficult to separate out the effects of foods within a total diet, it is also difficult to study the effects of nutrients and bioactive substances in the isolation of foods \[[@B67-nutrients-08-00547]\].

3.5. Polyphenol-Rich Dietary Pattern and Breast Cancer Progression {#sec3dot5-nutrients-08-00547}
------------------------------------------------------------------

The Mediterranean diet has been shown to reduce body weight by 4.4% over a year and improve the inflammatory profile in cardiac and diabetic groups. Given the tendency for breast cancer survivors to gain weight and risk metabolic syndrome, the Mediterranean diet may assist with weight loss and provide specific benefits over and above the usual low-fat, healthy diet intervention. The Mediterranean diet is a plant-based dietary pattern characterized by a high intake of olive oil, legumes, whole grains, fruit, vegetables, nuts, seeds, fish, and is rich in dietary polyphenols. The diet has been linked to a decreased risk of developing breast cancer \[[@B48-nutrients-08-00547]\]. The Mediterranean diet contains a wide range of various polyphenols, particularly from nuts, fruit, and coffee \[[@B68-nutrients-08-00547]\], and represents a potential population approach to increasing the intake of polyphenols. Epidemiological evidence strongly suggests that long-term consumption of diets rich in plant polyphenols, much like that of the Mediterranean diet, can offer protection against development of major chronic and neurodegenerative diseases \[[@B69-nutrients-08-00547],[@B70-nutrients-08-00547]\]. Suggested mechanisms through which the Mediterranean diet may impact breast cancer initiation and proliferation include increased insulin sensitivity and reduction of excess insulin production, anti-inflammatory and antioxidant effects of the diet, high fibre content, and an association with reduced risk of excess weight gain and obesity \[[@B48-nutrients-08-00547]\]. The health benefits of the Mediterranean diet are likely a synergistic effect of weight loss, polyphenol intake, and improved glycemic control.

There are three main randomised trials investigating the effect of following a Mediterranean diet pattern and the prognosis following treatment for breast cancer. The results, however, are mixed. In 2007, The Women's Healthy Eating and Living (WHEL) Randomised Trial found that a diet high in vegetable, fruit, and fibre and low in fat intake did not reduce additional breast cancer events or mortality over a relatively long follow-up period \[[@B13-nutrients-08-00547]\]. These results are at odds with the Women's Intervention Nutrition Study (WINS), a randomised trial that focused on a low-fat diet and weight loss, reporting that this diet was associated with longer relapse-free survival of breast cancer patients \[[@B71-nutrients-08-00547]\]. Follow up times and differences in menopausal status between studies may explain outcomes. Difficulties in ascertaining the polyphenol content of these diets make conclusions regarding efficacy difficult.

Another reason for the difference in the results of these trials may be that, in WINS, the women lost weight in the randomised group, whereas those women in the WHEL study had an iso-caloric diet by design, and the women in the intervention group gained around 1 kg. The results from previous observational studies suggesting calorie reduction and weight loss are beneficial in breast cancer prognosis may add context to this situation and show why the results of the WHEL study were to no effect. Such an interpretation is verified by the relatively consistent observations that overweight and obese breast cancer patients have a worse prognosis than lean patients \[[@B1-nutrients-08-00547],[@B72-nutrients-08-00547],[@B73-nutrients-08-00547],[@B74-nutrients-08-00547]\]. The Mediterranean diet has been shown to support weight loss in participants and as such may offer multiple benefits in polyphenol intake and weight loss.

The most recent randomised trial investigating the effects of a Mediterranean macrobiotic lifestyle on breast cancer prognosis is the DIANA-5 trial \[[@B75-nutrients-08-00547]\]. It demonstrated that dietary modification based on Mediterranean and macrobiotic dietary principles can reduce body weight, and the bioavailability of sex hormones and growth factors may promote tumour growth \[[@B76-nutrients-08-00547],[@B77-nutrients-08-00547]\]. The diet consisted of low consumption of fats, refined carbohydrates and animal products, and the high consumption of whole grain cereals, legumes, and vegetables.

Chemotherapy works to significantly decrease recurrences and improve survival in women with early breast cancer, but a major side effect is weight gain which, as discussed, is associated with a poorer prognosis \[[@B78-nutrients-08-00547]\]. The trial showed this specific diet significantly decreases body weight and waist circumference, thereby improving insulin sensitivity \[[@B79-nutrients-08-00547]\]. Like the WINS trial, only post-menopausal women were included in the study. The results may have differed for pre-menopausal women if they were also included.

Overall, the DIANA-5 trial has the potential to provide a clear answer to the hypothesis that a comprehensive modification of diet can lead to a longer event-free survival among women after breast cancer treatment \[[@B75-nutrients-08-00547]\]. Intervention has been shown to be effective in changing lifestyle in terms of diet and weight loss. Combined with other modifiable factors, a Mediterranean diet that focuses on weight loss and reducing insulin resistance may have substantial benefits for women previously treated for breast cancer. All of these studies have pieced together components that warrant further investigation to the role of a Mediterranean-based diet and breast cancer prognosis, event-free survival, and mortality.

3.6. Disease Characteristics and Biomarkers {#sec3dot6-nutrients-08-00547}
-------------------------------------------

A reduction in breast cancer incidence and mortality is the gold standard criteria for success in a clinical trial; however, this approach is expensive and ethically difficult to implement. The use of surrogate breast cancer biomarkers is an appealing alternative. Breast cancer biomarkers useful for investigating the efficacy of polyphenols include specific oncogenic pathways (e.g., COX-2, or prostaglandin E2, a product of COX mediated catalysis), levels of circulating disease related proteins, such as ostrodial or estrogen, changes in breast cancer histology and cytology, genomic alterations

A major challenge in the treatment of breast cancer is its high heterogeneity from patient to patient, which initiated its classification into three major molecular subtypes---estrogen receptors (ER), progesterone receptors (PR), and HER2, hormone receptor positive with luminal A (ER+PR+HER2−) and luminal B (ER+PR+HER2+) phenotypes, HER2 positive (ER−PR−HER2+), and triple negative/basal-like (ER−PR−HER2−) \[[@B80-nutrients-08-00547],[@B81-nutrients-08-00547],[@B82-nutrients-08-00547]\]. About 70% of breast cancers are estrogen receptor positive \[[@B83-nutrients-08-00547]\]. Recent data suggest that molecular subtypes differ substantially in the intracellular pathways responsible for cell growth and metastatic spread, suggesting a wide array of potential molecular targets of polyphenols \[[@B84-nutrients-08-00547]\]. The efficacy of polyphenolic therapy is likely to differ pending the breast cancer stage and subtype.

3.7. Epigenetic Potential of Polyphenolic Phytochemicals {#sec3dot7-nutrients-08-00547}
--------------------------------------------------------

Epigenetics refers to heritable changes in DNA that are involved in the control of gene expression. Epigenetic mechanisms include changes in DNA methylation, histone modification, and non-coding RNAs \[[@B84-nutrients-08-00547]\]. While epigenetic characteristics are sometimes inherited they can also be modified by environmental and dietary factors. Inflammatory pathways can trigger epigenetic switches from nontransformed to metastatic cancer cells via signalling involving NF κB and STAT3 transcription factors, microRNAs (Lin28 and let-7), and IL-6 cytokines \[[@B85-nutrients-08-00547]\]. Moreover, the polyphenols resveratrol and quercetin decreased miRNA-155 and inhibited NF-κB-involved inflammation in a cancer cell line study. Increasing evidence suggests polyphenols are capable of influencing epigenetic characteristics relevant to cancer progression. It is beyond the scope of this review to outline all the research of all aspects of the epigenetic potential of polyphenols; other reviews have been completed \[[@B85-nutrients-08-00547]\]. Of the more notable epigenetic modification by polyphenols, epigenetically modified genes can be restored, inactivated methylated genes can be demethylated, and histone complexes can be rendered transcriptionally active by dietary intervention. Common to cancer initiation is the inhibition of tumour suppressor genes by DNA methylation of transcription factors. DNA methyltransferase (DNMT) inhibitors can undergo such methylation, which polyphenols have been demonstrated to reverse \[[@B86-nutrients-08-00547]\].

Polyphenols can also alter heritable gene expression, activity of epigenetic machinery and decreases micro-RNAs related to inflammation and cancer growth. So far, it is not clear whether the occasional or typical dietary intake of polyphenols results in long-term epigenetic regulation of gene expression, downstream chemo-preventative effects, or both.

3.8. Bioavailability of Polyphenols {#sec3dot8-nutrients-08-00547}
-----------------------------------

Biological properties of polyphenols depend on their bioavailability. The chemical structure of polyphenols determines their rate and extent of intestinal absorption, as well as the nature of the metabolites circulating in the plasma. For most flavonoids absorbed in the small intestine, the plasma concentration rapidly decreases (elimination half-life period of 1--2 h). The elimination half-life period for quercetin is much higher (24 h) probably due to its particularly high affinity for plasma albumin \[[@B87-nutrients-08-00547]\]. Flavonols, isoflavones, flavones, and anthocyanins are usually glycosylated. Following high-dose polyphenol administration, metabolism occurs primarily in the liver, whereas, when smaller doses were administered, metabolism took place first at the intestinal mucosa, the liver playing a secondary role to further modify the conjugated polyphenol. This implies that the intestine is an important site for metabolism of food-derived polyphenols \[[@B88-nutrients-08-00547]\]. Intestinal microbiological fermentation decreases the bioavailability of the many polyphenols; however, it also gives rise to metabolites that may be more bioactive than the native polyphenols \[[@B88-nutrients-08-00547]\]. Metabolic responses based on dose also suggest that any potential benefit will vary based on the polyphenol dose used. Studies on ideal dose and delivery route are needed.

To circumvent poor bioavailability of polyphenols, a current area of promising research is using nanotechnology. One such nanotechnology, titled "Nano emulsions", are a class of extremely small droplets that allow polyphenol phytochemicals to be transported through the cell membranes more easily, resulting in an increased concentration in plasma and improved bioavailability. Curcumin Nano emulsions show 85% inhibition of 12-*O*-Tetradecanoylphorbol-13-acetate (TPA)-induced mouse ear inflammation as well as the inhibition of cyclin D1 expression. In addition, dibenzoylmethane (DBM) Nano emulsions improve oral bioavailability of curcumin 3-fold, compared with the conventional DBM emulsions \[[@B89-nutrients-08-00547]\]. The degree to which improved bioavailability improves survival in breast cancer patients is still to be determined, as there is likely a dose-response that is still to be ascertained.

3.9. Limitations (Toxicity, Bioavailability, Challenges and Weaknesses Associated with Human Trials, etc.) {#sec3dot9-nutrients-08-00547}
----------------------------------------------------------------------------------------------------------

Several factors have been proposed to explain differences observed between the positive effects of polyphenol consumption reported in epidemiological studies and the unclear to negative findings reported in intervention trials with supplements. These factors include the following: (1) differing doses of administered compounds; (2) additive or synergistic effects, such as those between polyphenols and other antioxidants, present in whole foods but not in supplements; and (3) differences in bioavailability and metabolism \[[@B88-nutrients-08-00547]\]. Results from randomised clinical trials vary to those of in vitro studies largely as a result of these factors.

With any human dietary study, interpreting outcomes and defining appropriate dietary recommendations can be extremely difficult. Studies typically involve many methodological considerations such as dietary pattern differences across populations, accurately measuring food intake, biological mechanisms, genetic variations, food definitions, bias, and other confounding factors \[[@B90-nutrients-08-00547]\]. Adding further complication is that many studies between cancer and diet provide weak associations, whereby confounding factors, exposure misclassification, and other biases, even modest ones, can have a large impact on the overall conclusions \[[@B91-nutrients-08-00547]\]. To best answer questions regarding efficacy of dietary polyphenols, in vitro studies of polyphenol metabolites should be followed up with human clinical trials and we would recommend that further studies use placebo controlled, double-blind trials that extend over many years with a sufficient sample size. Unfortunately, such studies are expensive to conduct.

4. Conclusions {#sec4-nutrients-08-00547}
==============

Whilst recognizing the broad nature of investigating the efficacy of polyphenols for breast cancer patients, we can conclude the following based on clinical and observational studies. Early diagnosed breast cancer patients should consume at least five servings of vegetables and fruit, and we recommend those high in flavonols such as onions, broccoli, apples, and citrus, amongst others. Both green and black tea consumption is protective, with 3+ cups of green tea being particularly helpful. We would recommend women diagnosed with breast cancer to adopt a moderate soy protein consumption (5--10 g/day) from non-fermented soy products such as soymilk and tofu.

The Mediterranean diet appears useful in assisting with weight control and improving metabolic syndrome. It is a dietary pattern naturally high in legumes and olive oil, both of which have been independently reported to improve in vitro and in vivo breast cancer recurrence and biomarkers of disease. Foods rich in polyphenols are the preferred methods of delivery over supplements, until more is known. Further research should include specific dietary foods in large randomized control trials, which, the authors recognize, are expensive to conduct.

A.B. designed the concept, conducted the search, wrote the majority of the paper and managed the authors; K.B. wrote key sections of the paper; P.C. wrote sections and managed the reference list.

The authors declare no conflict of interest.
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Clinical studies of polyphenols in breast cancer patients. Table includes human studies only and those with a dietary or supplemental intervention. Abbreviations: BCa---Breast cancer.

  Author, Year                                                                            Research Design/Assessment/Outcome Measure                                                                                                     Participants                                     Summary Outcome
  --------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Rock, Natarajan et al., 2009 \[[@B10-nutrients-08-00547]\]                              Design; Observational. Assessed intake of vegetables, fruit and fibre. Outcome: Time to secondary BCa cancer event                             3043 early-mid diagnosed BCa patients            Greater intake of fruit and vegetables naturally high in polyphenols and carotenoids, was associated with improved likelihood of breast cancer--free survival regardless of study group assignment. HR = 0.67
  Mignone, Giovannucci et al., 2009 \[[@B11-nutrients-08-00547]\]                         Design: Observational. Assessed dietary intake of fruit and vegetable consumption. Outcome: risk of breast cancer                              5707 BCa patients; 6389 Controls                 A high consumption of fruit and vegetables naturally high in polyphenols and carotenoids may reduce the risk of premenopausal but not postmenopausal breast cancer, particularly among smokers
  Baglietto, Krishnan et al., 2011 \[[@B12-nutrients-08-00547]\]                          Design: Observational. Assessed dietary intake patterns. Outcome: Risk of invasive breast cancer                                               20,967 women of which 815 develop invasive BCa   A dietary pattern rich in fruit and salad might protect against invasive breast cancer and that the effect might be stronger for ER- and PR-negative tumours
  Pierce, J.P., Natarajan, L., Caan, B.J. et al., 2007 \[[@B13-nutrients-08-00547]\]      Design: Intervention Education to promote 5 servings of fruit and vegetable. Outcome: Time to secondary BCa event                              1537 Bca patients; 1551 controls                 Among survivors of early stage breast cancer, adoption of a diet that was very high in vegetables, fruit, and fibre and low in fat did not reduce additional breast cancer events or mortality during a 7.3-year follow-up period. Unfortunately, the control group also received written education material
  Sartippour M.R., Rao J.Y., Apple S., Wu et al., 2004 \[[@B14-nutrients-08-00547]\]      Design: Intervention. 200 mg isoflavones for 2-weeks. Assessment: Direct breast tissue samples from patients were assessed for cancer growth   17 BCa patients; 26 Controls                     No change in apoptosis/mitosis ratio
  DiSilvestro R.A., Goodman, J., Dy, E., Lavalle, G. 2005 \[[@B15-nutrients-08-00547]\]   Design: Intervention. 138 mg isoflavones for 24-days. Assessment: Blood samples were assessed for oxidative status                             7 BCa patients, crossover design                 Increased SOD activity. No change in oxidative stress markers
  Inoue, M., Tajima, K., Mizutani, M. et al., 2001 \[[@B16-nutrients-08-00547]\]          Design: Observational. Assessment: Consumption of green tea                                                                                    1160 women of which 133 develop BCa              3+ cups of green tea daily was associated with lower BCa recurrence in early stages (HR = 0.69, 95% Cl 0.47--1.00)
